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Experimental
Compound 1 was purchased from Aldrich and compounds 2 and 4 were purchased from Strem Chemicals; all were used without further purification.
Synthesis of compound 3
78.1 mg of 1 and 100.0 mg of 2 were dissolved in 5 mL of dry toluene and mixed for two hours under an inert atmosphere. A fine precipitate of 3 quickly formed which was then decanted, washed with a small amount of cold toluene, and dried under vacuum. The purity of the compound was determined using 13 C CPMAS NMR and 11 B MAS NMR, where no traces of the starting materials were observed. The 13 C chemical shifts are listed in Table S1 and the 13 C NMR spectrum is shown in Figure S1 . The 11 B MAS NMR spectrum is shown in Figure 2 (c) of the main text and the 11 B NMR parameters are listed in Table S2 .
NMR Spectroscopy
All powdered samples were tightly packed into 4 mm o.d. ZrO 2 rotors under inert conditions. NMR experiments were performed at an applied magnetic field of 9.4 T using a Bruker AVANCE III 400 NMR spectrometer equipped with a triple resonance 4 mm MAS probe. SPINAL-64 decoupling 1 was used during both the acquisition and evolution periods in all protonated samples.
Mn NMR
The 55 Mn NMR experiments were all performed under 10 kHz MAS with the use of 25 μs central transition selective 90° pulses and 50 μs central transition selective 180° pulses (i.e., RF power of 3.3 kHz).
The regular J-resolved experiment was performed using 72 t 1 increments of 400 μs (2.5 kHz spectral window). 64 transients were acquired for each slice with a recycle delay of 1 s.
The J-based DQF J-resolved spectrum was acquired using a total double-quantum excitation and reconversion period of eight rotor cycles. 2048 transients were acquired for each of the 72 t 1 increments and a 0.5 s recycle delay was used.
The dipolar-based DQF J-resolved spectrum was acquired using two BR2 recoupling cycles (eight rotor cycles for both the excitation and reconversion periods) and thus the total DQF period lasted ten rotor cycles. 1440 scans were acquired for each of the 72 t 1 increments and a 0.5 s recycle delay was used. A second spectrum was acquired using four BR2 cycles as opposed to two. As the peak at zero frequency grew in this spectrum, it is likely that it originates from intermolecular dipolar recoupling (see Figure  S3 ).
The J-resolved spectra are processed in magnitude mode. Apparent distortions are caused by the tail of the non-modulated signal.
B NMR
The 11 B J-based DQF J-resolved experiments were all performed using 20 μs central transition selective 90° pulses and 40 μs central transition selective 180° pulses (i.e. RF power of 6.25 kHz) and a 2 s recycle delay. For compound 1, 15 kHz MAS was used and the total double quantum excitation and reconversion time was 36 rotor cycles. 768 transients were acquired for each of the 24 t 1 increments of 1.33 ms. For compound 4, 13.5 kHz MAS was used and the total double quantum excitation and reconversion time was 24 rotor cycles. In this case, the sample was cooled to 0°C to increase the T 2 . 384 transients were acquired for each of the 16 t 1 increments of 740 μs. For compound 3, 12.5 kHz MAS was used and the total double quantum excitation and reconversion time was 88 rotor cycles. 320 transients were acquired for each of the 40 t 1 increments of 1.6 ms.
DFT calculations
All DFT calculations of the J coupling constants were performed using the CPL module 2 of the Amsterdam Density Functional software (v. 2009.01). 3 Calculations for 1 and 4 were performed at the TPSS/QZ4P 4 level of theory using the molecular structures extracted from the published crystal structures 5 whereas a TPSS/TZ2P optimized structure was used for 3 where the mesityl groups were replaced by methyl groups.
For the calculations of the J coupling constant as a function of the bond length, a constrained geometry optimization was performed at the TPSS/TZ2P level of theory and the J coupling calculation was performed at the TPSS/DZP level of theory. J coupling constant values calculated with this smaller basis set differed by 5% from the values calculated with the QZ4P basis set.
Theoretical description of J-resolved experiments
All central transitions in an A 2 spin pair are characterized by ΔI = 0 (I being the total spin of the system). We can then treat a spin system of two homonuclear coupled quadrupolar nuclei of spin S as an ensemble of isolated 'nuclei' with spins of 2S, 2S-1…0. 6 The triplet states (I=1) may be represented as a nucleus with a spin of 1. Both transitions involving the triplet states can be associated with the central transitions, and thus all of the transitions are manipulated when using central transition selective pulses. A 90° pulse excites single quantum transitions and the scaled density matrix takes the following form:
The propagator for evolution under the homonuclear J coupling (assuming that the transmitter is on resonance) is the following:
and the propagator for a 180° pulse is given by
The density matrix after a spin echo sequence (t/2-180°-t/2) is calculated as:
The two single quantum transitions are then modulated as a function of t as
The splitting between the resonances in a 2D J-resolved experiment would then be (2S+3)(2S-1)/4J which amounts to a splitting of 3J for S = 3/2 and 8J for S = 5/2.
If we now consider the states with total spin I = 2, the initial density matrix following a central transition selective 90° pulse is the following: The propagator during free evolution under the J coupling is: and that for the CT selective 180° pulse is:
If we then calculate the signal after a spin-echo sequence,
which is identical to the density matrix at the start of the experiment. The J coupling in these pentet states is then refocused with a central-transition selective spin-echo. As the total spin of the states increases, the CT coherences are more greatly isolated. The J coupling is refocused for all states with the exception of the triplet states.
The observed spin can be coupled to the 2S+1 different states of the other nucleus and only two of these correspond to the central states. As discussed earlier, only those can become J modulated when central transition selective pulses are applied. It follows that only 1/(S+1/2) of the central transition signal is J modulated, and similarly, only this same fraction can be excited in central transition-selective DQ-SQ correlation experiments.
In the case of AX spin systems, the effect of the central transition selective spin echo can be described analogously to the spin-1/2 case. 7
The line widths in the indirect dimension are dictated by the spin-spin relaxation time constant (T 2 ). In order for the J coupling to be measurable, the splitting (either J or (2S+3)(2S-1)/4J in the AX and A 2 cases) needs to be greater than ~1/T 2 . T 2 can usually be systematically increased by decreasing the sample temperature. Figure S3 . Comparison of D-DQF results for manganese decacarbonyl using (a) two and (b) four recoupling blocks. The intensity of the non-modulated signal is higher in the latter. S9   Table S1 . 13 C chemical shifts for compound 3 chemical shifts / ppm methyl 22.5, 22.0, 18.6, 17.4, 16.8; 16.1 aromatic 153.1, 152.8, 149.0, 148.1, 141.4, 138.3, 137.6, 135.4, 134.9, 133.2, 130.2, 129.4, 128.3, 124.9, 122.8, 122.0, 119.7, 116.7, 112.5, 111.9, 109.6, 109 .0 carbene 164.5 31.5 ± 0.5 2.70 ± 0.05 0.85 ± 0.10 3 (three-coordinate) 34.3 ± 0.5
3.0 ± 0.1 0.89 ± 0.05 3 (four-coordinate) δ peak = 1 ± 1 b N/A N/A a Parameters from ref. 6. b Due to the lack of a second-order quadrupolar line shape, only the peak position could be determined.
